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Vesicular Glutamate Transporters Minireview
In Cognito
expression in Xenopus oocytes gave rise to saturable
Na1-dependent Pi transport. On this basis, BNP1 was
proposed to serve as a brain-specific system responsi-
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ble for uptake of Pi into neurons.School of Medicine
However, soon after its cloning, tantalizing evidenceLos Angeles, California 90095
developed that BNP1 might have alternative, or at least
additional roles. First, mutations in a BNP1 homolog
in C. elegans (eat-4) were noted to cause presynaptic
An essential step in chemical synaptic transmission in- deficits in glutamatergic transmission (Berger et al.,
volves concentration of neurotransmitter into synaptic 1998). Second, immunocytochemical studies of BNP1
vesicles, allowing storage and subsequent release of showed localization not at the plasma membranes of
neurotransmitter in response to electrical signals. The neurons, as expected for a Na1-dependent Pi trans-majority of excitatory synapses in the brain concentrate porter, but confined within excitatory presynaptic termi-
glutamate into small clear synaptic vesicles (SVs). Pack- nals (Bellocchio et al., 1998). At the EM level, immuno-
aging glutamate into SVs involves impressive powers gold particles indicated the presence of BNP1 in a
of concentration, more incredible than those required subset of excitatory presynaptic terminals where it was
to read this entire minireview or to navigate the Neuron associated with SVs. Although it was difficult to com-
web site. A massive (.106) glutamate gradient, instru- pletely rule out staining on plasma membrane, no immu-
mental for rapid excitatory signaling, is established from nogold labeling was found on neuronal cell bodies, a
vesicle interior to extracellular space in two steps (see localization that might be expected for a plasma mem-
Figure 1). Biochemical studies have distinguished the brane Pi transporter. The small amount of immunogold
activities that help create and maintain these gradients: label associated with the plasma membrane in nerve
two distinct classes of ion-coupled glutamate transport- terminals could be explained by SVs docked at the
ers. One is a high-affinity, Na1-coupled glutamate trans- plasma membrane. Thus, despite reasonable evidence
porter that sits in the neuronal plasma membrane, while that it was a Pi transporter in heterologous expression
the other is a low-affinity, H1-coupled glutamate trans- systems, the mutant phenotype in worms and the sub-
porter that spans the SV membrane (reviewed in O¨zkan cellular localization pattern of the protein in mammalian
and Ueda, 1998). brain pointed to a possible role in glutamate transport
Molecular cloning techniques have identified five iso- into SVs rather than Pi influx at the plasma membrane.
forms of plasma membrane glutamate transporters These hints motivated two groups to attempt direct
(known as EAATs for excitatory animo acid transport- tests of whether BNP1 might function as a vesicular
ers); functional analyses of these transporters have been glutamate transporter. Two papers published last year
underway since the first were cloned in 1992 (reviewed (Bellocchio et al., 2000; Takamori et al., 2000) offer con-
in Otis and Kavanaugh, 1999). However, until just re- vincing and complimentary evidence that BNP1 is in-
cently, the molecular identity of even a single vesicular deed a vesicular glutamate transporter. Both groups
glutamate transporter remained a frustrating mystery. report that SV preparations obtained by cell fraction-
Two papers published late last year provided our first ation exhibit BNP1 immunoreactivity. Takamori et al.
glimpse at the structure of a vesicular glutamate trans- shows that SVs immunoisolated from brain using a BNP1
porter. As it turns out, this elusive molecule remained antibody are able to take up radiolabeled glutamate.
hidden for so long because it was posing as an entirely Thus, in a confirmation of the previous immunocyto-
different transporter. chemical work, BNP1 is unquestionably enriched on
A Vesicular Glutamate Transporter in Disguise synaptic vesicles and seems to be targeted to a subset
of vesicles, those capable of concentrating glutamate.as a Plasma Membrane Phosphate Transporter
Both groups turned to null-background cell lines, ei-The vesicular glutamate transporter evaded molecular
ther PC12 or BON cells, to demonstrate that expressionidentification not because it was impossible to clone.
of BNP1 confers the ability to take up glutamate on SVs.Rather, a vesicular glutamate transporter had been
Using SVs isolated from the cell lines, the pharmacologycloned in 1994 (Ni et al., 1994) but for the past 6 years
and energetics of BNP1-induced transport were testedremained disguised as a plasma membrane inorganic
and shown to be distinct from those known for plasmaphosphate (Pi) transporter. This protein, named BNP1
membrane glutamate transport and to match those(for Brain, Na1-dependent Pi transporter 1) was identi-
known for vesicular glutamate transport (O¨zkan andfied in a screen for mRNAs upregulated upon NMDA
Ueda, 1998). First, uptake into SVs occurred in the ab-treatment of cerebellar granule cells (Ni et al., 1994). At
sence of Na1, ruling out any involvement of the plasmathe time of its cloning, evidence suggested that it might
membrane transporters. Second, known blockers of ve-participate in Pi influx into neurons. The amino acid se-
sicular transport such as Evans blue and D-glutamatequence showed 32% identity to a Na1-dependent Pi
inhibited uptake into the membrane preparation, whiletransporter from kidney (Na1/Pi 1), Northern blots sug-
antagonists of plasma membrane glutamate transportgested expression confined to brain and heterologous
were ineffective. Third, distinctive features strongly rem-
iniscent of vesicular transport were noted, such as a
bell-shaped dependence on chloride concentration,* E-mail: otist@ucla.edu
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tors and release sites that are not in close proximity
as at a real excitatory synapse), this is a remarkable
conclusion.
BNP1/VGLUT1 Expressed in a GABAergic Neuron
Creates a “Jekyll and Hyde” Synapse
Of course, native SVs rarely fuse spontaneously; usually
they wait for action potential-triggered rises in intracellu-
lar Ca21. Are the BNP1/VGLUT1-loaded vesicles actually
release-ready SVs? Based on the data in Takamori et
al. (2000), it appears so. Using microisland hippocampal
cultures, a preparation in which single neurons form
synapses on themselves (autapses), the authors se-
lected BNP1/VGLUT1-transfected neurons (indicated by
coexpression of GFP) that also gave rise to GABAA re-
Figure 1. Schematic of an Excitatory Presynaptic Terminal ceptor-mediated autaptic currents. Amazingly, BNP1/
VGLUT1 prompted these GABAergic neurons to beginTwo glutamate gradients (extracellular to cytoplasmic and cyto-
plasmic to intravesicular) signified by shaded black triangles are releasing glutamate in addition to GABA.
depicted in an excitatory presynaptic terminal. Two distinct classes This transformation of an inhibitory neuron to an excit-
of glutamate transporters, EAATs (excitatory amino acid transport- atory neuron merely by adding a single protein raises a
ers, shown in blue) on the plasma membrane, and the recently
long list of fascinating questions. Glutamate released atidentified BNP1/VGLUT1 (shown in red) on the vesicle membrane
a GABAergic synapse will presumably encounter GABAhelp set up and maintain these gradients. For simplicity, cytoplasmic
receptors, but not glutamate receptors in the opposingenzymes involved in glutamate metabolism are not shown.
postsynaptic density. Must glutamate diffuse for a
greater distance before encountering glutamate recep-
tors, and, if so, how do the glutamate-mediated postsyn-with peak activity occurring around 5 mM [Cl2]. Finally,
aptic currents differ from normal EPSCs? The answerBNP1-induced transport displayed energetics expected
provided by Takamori et al. (2000) is that they are slowerfor a vesicular transporter and distinct from a plasma
to rise and decay, as expected if there is an addedmembrane glutamate transporter, deriving energy from
diffusional delay for glutamate to access extrasynapticelectrical and pH gradients and involving proton flux.
receptors. Are both NMDA and AMPA receptors acti-Taken together, these results exclude the possibility that
vated? Comparing NMDA and AMPA components couldcontamination by plasma membrane glutamate trans-
indicate the concentration of glutamate in the SVs andporters is responsible for this activity. They also make
perhaps the relative localization of receptor types. Ina solid argument that BNP1 expression gives rise to
any case, this answer is not available quite yet; theclassical vesicular glutamate transport into SVs. Based
experimental design in Takamori et al. favored measure-on this functional evidence, both groups proposed that
ment of AMPA but not NMDA receptor currents. Future
this protein be renamed VGLUT1.
experiments will be necessary to establish if NMDA re-
These experiments argued that BNP1/VGLUT1 was
ceptors are also activated. Does each SV fill partly with
sufficient to load synaptic vesicles with glutamate, but
GABA and partly with glutamate? Here again, future
do these vesicles release glutamate? Impressively, Ta- experiments will be telling. Miniature postsynaptic cur-
kamori et al. (2000) coaxed two different systems, the rents, responses to the contents of single SVs, should
BON cell line mentioned above, as well as a cultured clarify if two different populations of SVs are being re-
neuron, to secrete glutamate following transfection by leased (one filled with GABA, the other partly filled with
BNP1/VGLUT1. In order to monitor release from BON glutamate) or if the responses arise from a homogenous
cells, they relied on a “glutamate detector cell,” a population of SVs filled with both GABA and glutamate.
HEK293 cell expressing a nondesensitizing version of Such a transformation by a neurotransmitter trans-
the AMPA receptor. When the HEK cell was pressed porter is not just a clever, in vitro trick; there is actually
up against a BON cell, spontaneous AMPA receptor- a precedent for neurons utilizing transporters in a similar
mediated currents resembling quantal synaptic currents way in vivo. A switch in neurotransmitter phenotype has
were observed in the detector cell. Control experiments been proposed to result from transient expression of
using BON cells expressing a vesicular GABA trans- serotonin transporters by thalamocortical axons during
porter generated no detectable signals. These experi- early cortical development (Lebrand et al., 1996). In this
ments dramatically show that BNP1/VGLUT1, aided only case, glutamatergic neurons seem to temporarily adopt
by other proteins native to BON cells, can load SVs to serotonin as a cotransmitter. This remarkable change
a sufficient extent so that upon exocytosis they can is accomplished simply through expression of both
stimulate glutamate receptors. Given reasonable as- plasma membrane and vesicular transporters for seroto-
sumptions about the properties of the AMPA receptors nin. While this may not be a common mechanism, it
used as detectors (5 3 106 M21 s21 binding rate) and points out that vesicular transporters, nearly on their
the reported rise times of the spontaneous currents (4 own, can have dramatic effects on neuronal phenotype.
ms, yielding trise , 2 ms), the glutamate concentration A Case of Mistaken Identity or One Side
achieved at the receptors could be roughly estimated to of a Dangerous, Double Life?
exceed 100 mM. Considering that these “faux” synapses These data firmly establish that BNP1/VGLUT1 can func-
probably operate under nonideal conditions (i.e., low tion as a vesicular glutamate transporter, but a nagging
question remains: does BNP1/VGLUT1 also function asglutamate concentration in the cytoplasm, AMPA recep-
Minireview
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a Pi transporter at the plasma membrane as originally receptor activation at the neuromuscular junction, there
has been lively debate about whether vesicular contentproposed? If BNP1/VGLUT1 does serve both as a
plasma membrane transporter and as a vesicular trans- can influence the size of postsynaptic quantal responses
at central synapses. At issue is whether postsynapticporter, the two roles would have to be tightly regulated.
A vesicular glutamate transporter, with electrochemical receptor saturation occurs; saturation might obscure
any effect of slight increases or decreases in the numbergradients poised to drive glutamate out of the cytoplasm
into the vesicle lumen, is a potentially dangerous addi- of transmitter molecules in a vesicle. At the neuromuscu-
lar junction, postsynaptic receptors are present in vasttion to the surface of a neuron. Here BNP1/VGLUT1,
functioning as a glutamate transporter, would result in excess as compared to the number of neurotransmitter
molecules in a vesicle. In contrast, even though a singleefflux of glutamate from cytoplasm to extracellular
space. The converse situation, BNP1/VGLUT1 acting as SV at a central synapse is thought to contain as many
neurotransmitter molecules, many fewer postsynaptica Pi transporter on the SV, does not pose the risk of
comparable havoc, although a Pi transporter on a SV is receptors are available to the contents of that SV. Thus,
the possibility of postsynaptic receptor saturation mustof dubious utility. Therefore, in order to live a safe, dou-
ble life, well-controlled mechanisms for trafficking the be considered at central synapses.
At the neuromuscular junction, convincing evidenceBNP1/VGLUT1 and for regulating its activity would be
required. exists that receptors are not saturated and that synaptic
strength can be influenced by the activity of vesicularAt this point, it is worthwhile reevaluating whether
BNP1/VGLUT1 is indeed a Pi transporter. The most acetylcholine transporters (reviewed in Williams, 1997).
Assuming glutamate receptors are not saturated by sin-closely related proteins, Na1/Pi 1 and a recently identi-
fied homologous relative (sialin), share intriguing similar- gle quanta (and the balance of evidence at many syn-
apses suggests that they are not), then increasing orities with a superfamily of organic anion carriers that
include CFTR, the defective gene in cystic fibrosis. decreasing the activity of a vesicular glutamate trans-
porter could in principle alter synaptic strength. WithThese carriers transport a wide variety of negatively
charged substrates: Na1/Pi 1 transports penicillin G and these assumptions, regulated changes in the localiza-
tion of BNP1/VGLUT1 might also affect release as pro-phenol red; sialin seems to transport sialic acid. Intrigu-
ingly, Na1/Pi 1 and many of the organic anion trans- posed for other vesicular transporters (Reimer et al.,
1998). Such predictions may now be elegantly testedporters have ion channel–like chloride conductances,
reminiscent of a chloride conductance suggested in Bel- with new molecular reagents that will soon be available
to manipulate expression levels. It will also be possiblelocchio’s study. Lastly, Na1/Pi 1 functions poorly as a
Pi transporter (Busch et al., 1996), making it likely that to ask whether regulation of vesicular transporter activ-
ity occurs in response to physiological activity and whatNa1/Pi 1 functions not as a Pi transporter, but as a carrier
for some other organic/inorganic anions. the consequences of such regulation are for excitatory
signaling.Evidence that the closest relative of BNP1/VGLUT1 is
a Pi transporter is weak, but what of the evidence that Molecular constructs also offer the potential for eluci-
dating the function of BNP1/VGLUT1 with electrophysio-BNP1/VGLUT1 transports Pi at the plasma membrane?
As mentioned, immunocytochemistry for BNP1/VGLUT1 logical methods. Based on indirect evidence, Bellocchio
et al. (2000) hypothesize that, like Na1/Pi 1 (Busch et al.,on neurons and transfected cell lines shows no protein
on the plasma membrane. Moreover, Bellocchio et al. 1996), the plasma membrane glutamate transporters,
and some of the organic anion transporters, BNP1/(2000) report that Pi has no effect on glutamate uptake
(although these measurements were made with no Na1 VGLUT1 gives rise to an accessory chloride conduc-
tance. If BNP1/VGLUT1 does indeed generate transport-present), and BNP1/VGLUT1’s ability to accumulate Pi
when expressed in Xenopus oocytes is not particularly associated conductances, they may be exploited to
study the function of the transporter. In order for this toimpressive. One explanation for the Pi transport induced
by BNP1/VGLUT1 expression is that glutamate trans- be feasible, the protein would need to be expressed
at sufficiently high levels on membranes accessible toporter activity on membranes within Xenopus oocytes
may indirectly result in upregulation of Pi uptake at the patch-clamping techniques. While this is no easy feat,
it may be possible by fusing intracellular membranes orplasma membrane. Such a mechanism might even be
physiologically relevant for neurons; it has been re- by directing a mutated BNP1/VGLUT1 to the plasma
membrane. With this accomplished, currents that flowported that ATP is coreleased with glutamate at some
excitatory synapses. Perhaps the act of loading vesicles during operation of the transporter could be measured
and used to infer transporter function with unequaledwith glutamate lowers ATP levels and thereby indirectly
stimulates Pi uptake across the plasma membrane. All time resolution. In addition, steady-state currents could
be used to establish the equilibrium thermodynamicsof these issues deserve careful inquiry, but in light of
the present data and until BNP1/VGLUT1 can be found of the transport cycle. Such approaches have proven
particularly useful in studying plasma membrane gluta-on the plasma membrane, it seems unlikely that Pi influx
into neurons is a principal function of BNP1/VGLUT1. mate transporters (reviewed in Otis and Kavanaugh,
1999), the norepinephrine transporter, and GABA trans-How Might Vesicular Transporters Participate
in Excitatory Synaptic Function? porters, permitting the best estimates of transporter
cycling rates and stoichiometries of the transport reac-One question of immediate interest is whether modula-
tion of vesicular glutamate transporter activity might tions. While electrophysiological approaches are cer-
tainly not the only way to come by these values, theydrive changes in synaptic strength. Ever since the
quantal hypothesis was proposed by Katz and followed have proven to be a powerful and convenient method
for measuring the rapid dynamics of transport. As anby the seminal work of Kuffler defining constraints for
Neuron
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Reimer, R.J., Fon, E.A., and Edwards, R.H. (1998). Curr. Opin. Neuro-added bonus, transporter current measurements might
biol. 8, 405–412.shed light on an often-asked yet unanswered question:
Takamori, S., Rhee, J.S., Rosenmund, C., and Jahn, R. (2000). Naturewhy do all of these different types of anion carriers give
407, 189–194.rise to chloride conductances?
Williams, J. (1997). Neuron 18, 683–686.Other Remaining Issues
If the plasma membrane glutamate transporters provide
any guidance, there are multiple isoforms of vesicular
glutamate transporters yet to be identified. BNP1/
VGLUT1 immunocytochemistry is not found on many
known excitatory synaptic pathways (Bellocchio et al.,
1998), a strong suggestion that additional members
await discovery. Recently a protein with high homology
to BNP1/VGLUT1 (82% identity) was cloned and named
DNP1 for differentiation-associated Na1/Pi contrans-
porter 1 (Aihara et al., 2000). It also shows high expres-
sion in brain. When expressed in Xenopus oocytes,
DNP1 also stimulates Na1-dependent Pi uptake. How
does the expression pattern of DNP1 complement that
of BNP1/VGLUT1? Antibody data is not yet available
but Northern blot analysis shows strong relative abun-
dance in medulla, moderate abundance in thalamus,
substantia nigra, and spinal cord and weak or no expres-
sion in amygdala, hippocampus, and cerebellum. This
pattern nicely complements the pattern of expression
of BNP1/VGLUT1 that is at highest levels in cerebellum,
cerebral cortex, amygdala, and hippocampus, but weakly
expressed in substantia nigra and medulla and absent
from thalamus and spinal cord. Of course, it remains to
be established whether DNP1 can function as a vesicular
glutamate transporter. Other isoforms may be identified
through screening by homology, and, of course, it is
possible that there are vesicular glutamate transporters
with weak homology to BNP1/VGLUT1 that at present
remain in disguise as other proteins.
In short, the recent unmasking of BNP1/VGLUT1 as
a vesicular glutamate transporter has raised suspicions
and provided long-sought insight. Already, these impor-
tant findings have improved our understanding of the
process by which SVs fill with glutamate. Future devel-
opments are certain to sharpen the picture of how this
critical step in synaptic transmission might regulate ex-
citatory signaling.
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